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FLASTOHYDRODYNAMIC FILM THICKNESS BETWEEN ROLLING DISKS WITH
A SYNTHETIC PARAFFINIC OIL TO 589 K (600° F)
by Richard J. Parker and Jerrold W. Kannel®

Lewis Research Center

SUMMARY

Elastohydrodynamic (EHD) film thickness measurements were made in an X-ray
rolling-disk machine with a synthetic paraffinic oil. Disk temperature was varied from
339 to 589 K (1 50° to 600° F). Load was varied such that the calculated maximum Hertz
stress ranged from 1.04X109 to 2. 42><109 newtons per square meter (150 000 to 350 000
psi). Shaft speeds of 5000 to 20 000 rpm resulted in surface speeds from 9.4 to 37.6
meters per second (370 to 1480 in. /sec).

The synthetic paraffinic oil both with and without an organic phosphonate antiwear
additive is capable of providing an EHD film throughout the range of test conditions. The
measured film thicknesses were less than predicted by EHD theory when the oil was used
without the antiwear additive. The antiwear additive caused an increase in the measured
EHD film thickness. This effect may be attributed to surface film formations either di-
rectly or indirectly by influencing the rheological character of the lubricant within the
contact area.

In general, the measured film thickness was more sensitive to contact stress than
predicted by EHD theory. The behavior of the pressure coefficient of viscosity may be
partially responsible for this anomaly in the higher stress region. In addition, the X-ray
technique measures a minimum film thickness which varies more with applied stress
than does the average or center film thickness predicted by theory.

The variation of measured film thickness for the o0il without the antiwear additive

with the speed-viscosity parameter (u oau/R}'<>0. b was similar to that predicted by
EHD theory.

The film thickness measurements verified results of 120-millimeter- and 25-
millimeter-bore ball bearing tests with the same lubricant. Very low film thicknesses
were measured at conditions similar to those where the bearings suffered surface dam-
age.

* Battelle Memorial Institute, Columbus, Ohio.



INTRODUCTION

A primary function of a liquid lubricant in a rolling-element bearing is to form a
film separating two rolling elements in contact. This film, which is referred to as an
elastohydrodynamic (EHD) film, is formed by the combination of the hydrodynamic action
of the lubricant and the elastic properties of the rolling elements. The thickness of this
EHD film is typically of the order of a few microinches to something less than 100 mi-
croinches (25O><10'6 cm). This thickness depends on the lubricant viscosity, bearing
geometry, and such operating conditions as load and speed. The lubricant viscosity is
dependent on bearing operating temperature, contact pressure of the rolling-element
bodies, and possibly shear rate.

Predictions and measurements of elastohydrodynamic film thicknesses have been the
subject of much research and analysis. A monograph by Dowson and Higginson (ref. 1)
documents the bulk of the theoretical and experimental work that has been performed in
this area up to about 1964.

Bearing temperatures in the range of 478 to 589 K (400O to 600° F) are anticipated
in advanced gas turbine engines and accessory drive systems, such as those related to
high~performance supersonic aircraft (ref. 2). Severe speed and load conditions are
also anticipated for main shaft thrust bearings in these engines. Reliable bearing-
lubrication systems are required for these and other high-temperature, high-speed ap-
plications. New classes of liquid lubricants are being studied for these applications to
determine their thermal stability, their oxidation and corrosion resistance, and their ef~
fect on rolling-element fatigue (refs. 3 to 9).

In reference 7, groups of 120-millimeter-bore, angular-contact ball bearings were
fatigue tested at temperatures from 478 to 589 K (400° to 600° F) with a synthetic paraffi-
nic oil containing an organic phosphonate antiwear additive as the lubricant. Bearing life
exceeded AFBMA -predicted (catalog) life by a factor greater than 13. Examination of the
bearings run at 589 K (600 F) showed only a slight amount of glazing or minor surface
distress and no measurable wear of the race surfaces. This indicated than an EHD film
was present but the lubricant was operating near its limiting temperature and load con-
ditions. At the lower temperatures, 478 and 533 K (4000 and 500° F), no surface dis-
tress or wear of the race surfaces was evident.

Bearing tests such as those described in references 6 to 8 are very expensive and
time consuming. With the use of a rolling-disk machine and a means of measuring the
lubricant EHD film thickness between the disks, it is anticipated that temperature and
load limitations for a particular lubricant can be determined relatively inexpensively
without extensive testing. The geometry of the disks must be such that the dynamic
conditions of the ball-race contact in a bearing are simulated. Such a facility has
been developed (ref. 10) which closely simulates the ball - inner-race contact of a



120-millimeter-bore, angular-contact ball bearing with consideration given to elastic,
' thermal, and hydrodynamic effects.

The research reported herein was conducted (1) to determine the EHD film thick-
ness with a synthetic paraffinic oil at temperatures up to 589 K (600° F) under a variety
of load and speed conditions, (2) to compare these results with existing EHD theory, and
(3) to compare the results with results of bearing tests under similar test conditions.

In order to accomplish these objectives, EHD film thickness measurements were
made in an X-ray rolling-disk machine with the synthetic paraffinic oil. Disk temper-
atures were varied from 339 to 589 K (1500 to 600° F). Load was varied such that the
calculated maximum Hertz stress varied from 1.04><109 to 2. 42><109 newtons per square
meter (150 000 to 350 000 psi). Shaft speeds of 5000 to 20 000 rpm yielded surface
speeds from 9.4 to 37.6 meters per second (370 to 1480 in. /sec). AISI M-50 steel-
crowned disks were used both with and without a 10° cone angle. Nitrogen blanketing
was used in all tests to provide a low-oxygen environment and to minimize lubricant oxi-
dation. All tests were conducted at the Battelle Memorial Institute, Columbus, Ohio,
under NASA Contract NAS3-11152.

SYMBOLS
a major semiaxis of Hertzian contact, m (in.)
b minor semiaxis of Hertzian contact, m (in.)
E|,E, modulus of elasticity of elements 1 and 2, N/m2 (psi)
-1

1- V% 1 - Vg 9

E' + , N/m* (psi)
7TE1 T[Ez
h, minimum film thickness, m (in.)
m,n,p exponents
RI’RZ radius of elements 1 and 2 in rolling direction, m (in.)
-1

Ry <¢ . _1_> , m (in.)

Ry Ry

. 2 .

Smax maximum Hertz stress, N/m® (psi)
u 1/2 (u1 + u2), m/sec (in. /sec)
uy,u, surface velocities of elements 1 and 2, m/sec (in. /sec)

w load, N (1bf)



a pressure-viscosity coefficient, mz/N (in. 2/lbf)
Bo ambient viscosity, N-sec/m2 (lb-sec/in. 2)

V15>V Poisson's ratio of elements 1 and 2

APPARATUS AND PROCEDURE
X-ray Disk Machine

The disk machine used in this study is shown pictorially in figure 1 and is described
in detail in reference 10. Each of the two contacting disks is driven by a 5-horsepower,
variable-speed, high-frequency induction motor. The disks are integral with the motor
shafts, which are supported by precision duplex ball bearings. These support bearings
are lubricated and cooled by a jet lubrication system. Disk loading is accomplished
through a cantilever beam actuated by a pneumatic cylinder. Adjustment devices allow
accurate positioning of the disks with respect to the X-ray alinement.

Lubricant for the disks is circulated by a pump submerged in the 0il sump, is fed to
the contact zone by an oil jet, and is scavenged by a gravity return to the sump. The
lubricant is filtered and preheated before entering the contact zone. The disks are en-
closed in a container-heater unit designed to operate above 589 K (600° F). A nitrogen
atmosphere is maintained in the container toprevent oxidation of the lubricant.

vContainer-heater unit

\
\

_ \
X-ray sourceﬂ\ Upper disk — \\ I
A \

Drive motor — \
AN

AN
N \

AN
/
/ 4
/
/ /
7

/ / /
Inboard /

_ /
bearing  /°  Lower disk—/
housing—

L Quthoard
bearing

housing ] -
! CD-10149-15

Figure 1. - Rolling-contact disk machine.



FERSERERT T i

Ry = 27.9(1L.0)

: 1.8010.71)

—
.

o Ry= L.83(0.72)

Rp= L83(0.72 — |
180 0.70—""

Lot 15 Ry = 2.9 (1L.0)

Figure 2. - Contacting disk geometry. (All linear dimensions in cm (in.).)

Disks

The geometry of the disks is shown in figure 2. The design of these disks is the re-
sult of a simulation study (ref. 10). The contact between the two disks closely simulates
the ball - inner-race contact of a 120-millimeter-bore, angular-contact ball bearing.
Crowned disks (without the 10° cone angle) were also used.

The disks are made of AISI M-50 steel. They are finish lapped after mounting to a

surface finish of 2.5x107% to 5.0x107% centimeter (1to 2 pin.) rms.

Instrumentation

The X-ray technique used for measuring film thickness consists essentially of flood-
ing the contact region with X-rays and counting those transmitted by the film. Since the
X-rays find the steel opaque and are absorbed only slightly by the lubricant, a count of
transmitted X-rays by a scintillation counter can be calibrated to find the film thickness.
X-rays are projected in the rolling direction, and only a narrow band in the axial direc-
tion (0.025 cm (0.01 in.)) is counted. By shifting the band axially, complete axial pro-
files of film thickness can be found. Care is taken to assure that X-rays are not lost
through misalinement of the disks.

Provision for observing contact between the disk in the event of film breakdown is
available by observing the resistance between the disks with an chmmeter circuit.



Disk temperature was measured by thermocouples located at the sides of the disks
near the crowned surface. Oil-in temperature was measured and maintained within a few

degrees of the disk temperature.

Synthetic Paraffinic Oil

This synthetic paraffinic oil has been extensively tested in previous high-temperature
lubrication work (refs. 5 to 9). It has shown good thermal stability and has provided long
bearing life at temperatures to 589 K (6000 F) in a low-oxygen environment. It was used
in this program both with and without an organic phosphonate antiwear additive. Proper-
ties of this lubricant are listed in table I.

TABLE I. - PROPERTIES OF THE SYNTHETIC PARAFFINIC OIL

.
Kinematic viscosity, ¢S (or 10_6 m2/sec), at -
233 K (400 F) . L L e >100 000
SITK (1000 F) .« o o 443
ST2K (210% F) . o oo e e e 40
AT8 K (4000 F) . o L 5.8
589 K (600 F) . . o o o e e 4.3
Flash point, K (OF) . . . . . . . e o e e 541 (515)
Fire point, K (°F) . . . . . . o e 589 (600)
Autoignition temperature, K (CF) . . . . . . . .., 703 (805)
Volatility (6.5 hr at 533 K (500° F)), W% . . o o v v v e e e 14.2
Specific heat at 533 K (500° F), J/(kg)(K) (Btu/(Ib)CF) . . . . . . . . .. ... ..., 2910 (0.695)
Thermal conductivity at 533 K (500° F), J/(m)(sec)(K) (Btu/(hr)(f)(°F)) . . . . . . . . . . . .. 0.12 {0.070)
Specific gravity at 533 K (500 FY. . . o o 0.71

aExtrapolated.

Procedure

The loading mechanism is calibrated by using a load cell in place of the lower disk.
Following careful alinement of the disks both statically and dynamically, a calibration of
the X-ray measuring system is performed.

Calibration of the X-ray measuring system is obtained by separating the disks by
means of a precise adjusting screw (250><10'6 cm (100 pin.) increments), and observing
the X-ray count for the known separations. The calibration was performed with the syn-
thetic paraffinic oil at 5000 rpm and 422 K (300o F) disk temperature.

The series of film thickness measurements are performed at each stable operating
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condition of speed, load, and disk temperature. For each condition, X-ray counts are
averaged over 15 seconds.

RESULTS AND DISCUSSION .
Experimental Results

The measured minimum film thicknesses between crowned-cone disks with the syn-
thetic paraffinic oil without the antiwear additive are plotted against maximum Hertz
stress, surface speed, and lubricant viscosity at inlet conditions in figures 3 to 5, respec-
tively, and are tabulated in table II.

The effect of stress on measured minimum film thickness is seen in figure 3.
Throughout the range of speeds and viscosities (temperatures), a consistent trend of de-
creasing film thickness with increasing stress is seen. The decrease is greater in the
1.72><109 to 2. 42><109 newtons per square meter (250 000 to 350 000 psi) stress range than
at lower stresses.

The variation of measured film thickness with disk surface speed is linear on the log-
log plots in figure 4. However, as disk temperature increases and films get thinner, the
effect of speed appears to be greater.

The effect of lubricant viscosity (at the disk temperature) on measured minimum film
thickness is shown in figure 5. The variation in lubricant absolute viscosity is a result of
varying disk temperature from 339 to 505 K (150O to 450° F). A linear (on log-log plot)
decrease in film thickness with decreased viscosity prevails except at low viscosity.

Here the thinner films deviate from the linear trend. Judging from the increased slope,
the effect of viscosity on film thickness appears to be greater at lower speeds.

Minimum film thickness measurements between crowned disks (without the 10° cone
angle) with the synthetic paraffinic oil are given in table II. No significant differences
exist between these data and those for the crowned-cone disks. The only difference in
conditions between these two tests is the spinning component of relative velocity that
exists in the crowned-cone disk contact but does not exist in the crowned-disk contact.

Under these test conditions, this spinning velocity does not appear to affect minimum film
thickness.

Effect of Antiwear Additive

The effect of the presence of an antiwear additive (organic phosphonate) in the syn-
thetic paraffinic oil is shown in figure 6. The trend of decreasing film thickness with in-
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Figure 4. - Effect of disk surface speed on measures minimum film thickness. Crowned-cone disks; synthetic paratfinic oil.
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Figure 5. - Effect of fubricant viscosity at operating temperature on measured minimum fitm thickness. Synthetic paraffinic oil; crowned-cone
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TABLE II. - MEASURED MINIMUM FILM THICKNESS BETWEEN PAIRS OF EITHER CROWNED DISKS OR CROWNED-CONE DISKS

[Synthetic paraffinic oil without additive. ]

(a) SI units (b} U.S. customary units

Disk | Disk |Stress,? Minimum Disk | Disk |Stress,? Minimum Disk | Disk Stress,a’vMinimum Disk | Disk | Stress,®| Minimum
tem- | speed, N/m2 film tem- |speed, N’m2 film tem- | speed, psi film tem- | speed, psi film

per- rpm thickness, per- rpm thickness, per- rpm thickness, per- rpm thickness,
ature, ho‘ ature, ho' ature, ho' ature, ho'
K cm K cm °F pin. °F pin.

(b} (c) (b) (c) (b) | {c) (b) | (c)

339 | 5000|1.04<10% | 96-107% | 89<107 || 422 |15 000 |1.04x10° | 48-1078 [41x1076 150 | sooof1.5-10%| 38 |35 | 300 [i5000{1.5.10%| 19 |16

1.38 94 86 1.38 43 35 2.0 37 |34 2.0 17 | 14

1.72 76 71 1.72 38 25 2.5 30 |28 2.5 15 | 10

2.07 69 58 2.07 25 15 3.0 27 |23 3.0 0] 6

2.42 46 a1 2.42 20 15 3.5 18 |16 3.5 8| 6

10 000 | 1.04x10° {112x1078 [107-1078 20 000 | 1.04x10% [ 581078 |43x1076 10000 [1.5-10° | 44 |42 20000 | 1.5410%| 23 |17

1.38 112 99 1.38 56 41 2.0 44 |39 2.0 22 |16

1.72 84 86 1.72 43 30 2.5 33 {34 2.5 17 |12

2.07 9 7 2.07 33 20 3.0 31 |28 3.0 13| 8

2.42 58 51 2.42 25 20 3.5 23 | 20 3.5 10| 8

15000 | 1.04x10% |117x1078 | 1191076 || 478 | 5000 |1.04-10° [12-1076 |12x1076 15000 1.5-10° | 46 |47 || 400 | soo0f1.50%| 5| 5

1.38 118 109 1.38 10 10 2.0 41 | a3 2.0 af a

1.72 89 94 1.72 10 5 2.5 35 | 37 2.5 4 2

2.07 89 81 2.07 5 2 3.0 35 | 32 3.0 2 | 1

2.42 66 53 2.42 2 2 3.5 26 |21 3.5 1]

20 000 | 1.04x10% {135%1076 |127x1076 10 000 |1.04x10% | 20x1075 | 23x1076 20000 | 1.5-10%| 53 |50 10000{1.5+10°| 8 | 9

1.38 124 17 1.38 15 23 2.0 49 |46 2.0 6| 9

1.72 96 102 1.72 15 8 2.5 38 | 40 2.5 6| 3

2.07 89 84 2.07 10 10 3.0 35 | 33 3.0 4| 4

|2.a2 71 58 2.42 8 8 3.5 28 | 23 3.5 3| 3

366 | 5000 1.04x10° | 43x1078 | 4311078 15 000 |1.04x10°% | 2551078 {30106 200 | s000|1.5a0%| 17 |17 15000 1.5-10%| 10 | 12
1.38 4 Q 1.38 20 28 2.0 16 |16 2.0 8 |1

1.72 36 38 1.72 20 18 2.5 14 |15 2.5 8| 7

2.07 23 25 2.07 15 15 3.0 9 [0 3.0 6| 6

2.42 20 20 2.42 10 10 3.5 8| s 3.5 4| 4

10 000 | 1.04x10% | 61x1078 | 1x1078 20 000 |1.04~10° | 2841076 |36n1076 10000 | 1.5+10% | 24 |24 20000 1.5-10°| 11 |14

1.38 58 61 1.38 25 30 2.0 23 | 24 2.0 10 |12

1.72 51 56 1.72 25 20 2.5 20 |22 2.5 10| 8

2.07 38 38 2.07 18 18 3.0 15 |15 3.0 77

2.42 30 30 2.42 15 15 3.5 12 {12 3.5 6| 6

15000 | 1.04x10% | 79-1078 | 66x107® || 505 | 5000{1.04x10% | 81078 | 5n1076 15000 1.5-10%| 31 |26 || 450 | 5000]1.5-105| 3| 2

1.38 74 66 1.38 8 5 2.0 20 | 26 2.0 3| 2

1.72 66 64 172 5 2 2.5 26 | 25 2.5 2 i

2.07 4 43 2.07 2 2 3.0 16 |17 3.0 ]

2.42 a 38 2.42 2 2 3.5 16 {15 3.5 1]

20 000 | 1.04x10% | 84x1078 | 71x1070 10 000 |1.04+10% | 1221078 |12x1076 20000 |1.5-10°| 33 |28 10000[1.5-10°| 5| 5

1.38 84 7 1.38 12 10 2.0 33 | 28 2.0 5| a

1.72 76 66 1.72 10 8 2.5 30 | 26 2.5 4| 3

2.07 43 48 2.07 8 5 3.0 17 |19 3.0 3] 2

2.42 48 2 2.42 5 2 3.5 19 |16 3.5 2 | 1

422 | s000|1.04v10%| 23-107%] 20.1076 15000 |1.04-10% | 18-107% |15-1078 300 | 5000[1.5x10°| o | 8 15000]1.5-10%| 7| 6
1.38 20 18 1.38 18 15 2.0 gl 7 20 7] 6

1.72 12 10 1.72 15 10 2.5 5 4 2.5 6| 4

2.0 8 5 2.07 12 8 3.0 3| 2 3.0 50 3

2.42 5 5 2.42 8 5 3.5 2 | 2 3.5 30 2

10 000 | 1.04<10% | 38-107%| 33-107® 20 000 |1.04+10° | 25-1076 |18-1078 10000 |1.5410%| 15 | 13 20000/ 1.5-10%| 10 | 7

1.38 33 30 1.38 25 18 2.0 13 |12 2.0 w7

1.72 30 20 1.72 20 15 2.5 12| 8 2.5 8| 6

2.07 18 12 2.07 15 10 3.0 7| s 30 6 4

2.42 12 10 2.42 10 8 3.5 5| 4 3.5 4| 3

AMaximum Herlz stress.
bMeasured minimum film thickness with crowned disks.
©Measured minimum film thickness with crowned-cone disks.
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creasing stress is similar with or without the additive, but the magnitude of the film
thickness is much greater with the additive. This difference is of the order of 50><10'6
to 100x10™8 centimeter (20 to 40pin.).

One unique result observed in using the additive-containing lubricant in the initial disk
experiments was the formation of a very obvious surface film on the disks. This film ex-
hibited very pronounced dielectric properties when the disks were loaded together stati-
cally. This film was not present after tests with the lubricant without the additive.

As shown in figure 7, the experiments with the additive-containing oil using crowned
disks (without the 10° cone angle) did not yield films so thick as were experienced with the
crowned-cone disk experiments. (Also, the surface film was not apparent.) These
crowned-disk experiments were, however, conducted late in the program with a modified
induction-resistance heating system which heated the disks more rapidly than did the
earlier resistance system. Possible effects of this variable are discussed in the section
entitled SPECULATIONS.

Comparison with EHD Theory

Theoretical solutions for elastohydrodynamic film thickness all take the general form

h,, & Pol (1)
wP
where
hO film thickness
o viscosity at atmospheric pressure
u surface speed
w load
n,m,p exponents

Theories have been developed for line contact (refs. 1 and 11) and for point contact (refs.
12 and 13). The contact between the disks used in the present investigation is elliptical
with b/a = 5.9, where b is the semiaxis of the contact ellipse perpendicular to the roll-
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Figure 7. - Measured minimum film thickness with synthetic paraffinic oil containing an organic phosphonate antiwear addi-

tive.
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ing direction. In reference 13, for ellipses with b/a = 5, line contact is assumed. The
film thickness equation for line contact (ref. 13) is

0.74 -0.22
h au S
—9=1.47 Fo max (2)

R}'{ R}'{ E

The theory presented in reference 12 predicts films about 15 percent thinner than that
of equation (2); but the exponents on the speed, viscosity, and stress terms are identical.
Equation (2), based on reference 13, is thus considered typical of existing elastohydrody-
namic theory.

In figure 8, the film thickness h o is plotted against the speed-viscosity parameter

03— ,
[ Maximum Hertz stress,
. N/m# {psi)
— —0—  1.04x107 (150 000)
- —0O—  2.07x10° (300 000) /
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1074 i i
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Figure 8. - Measured minimum film thickness as function of speed-viscosity parameter. Synthetic paraffinic oil; crownec
disks.
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0.74
7 oau/R}'( . Equation (2) is compared with experimental data for the crowned disks

with the synthetic paraffinic oil without additives. The magnitude of the measured films
is less than that predicted by equation (2). The slope of the experimental data is similar

0.74
to the predicted curve, but deviates for high values of <l.1. oau/R}'{> . A much greater

effect of stress is seen with the experimental data than would be predicted by equation (2).
Experimental data plotted in figure 9 for the crowned disks with the synthetic paraffi-

1073

“_ Maximum Hertz stress,
i N/m? (psi)
o 1.04x107 (150 000)
e [ o 2.07x20° (300 000)
r= 4 & - —— — Theory (eg. (2)
2 10 Tj /
. CEF - s
g = o
£ = 75
= £ O// O
z — = 1074— /s, B
£ e F 4
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2 _ = RSN
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O
/
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Figure 9. - Measured minimum film thickness as function of speed-viscosity parameter.
Synthetic paraffinic oil containing an organic phosphonate antiwear additive; crowned
disks.

nic oil with the antiwear additive show a closer correlation to the magnitude of film thick-

ness predicted by equation (2). The slope of the experimental data more closely follows a
0.6 0.74
<u Oozu/R)'{> relation rather than the <# Oau/R}'{> of equation (2). A greater effect

of stress is seen with these experimental data also.

Considerable deviation of the experimental data from predicted film thicknesses is
seen in figure 10 for the additive-containing oil with the crowned-cone disks. Not only is
the magnitude of the measured film thickness considerably greater than predicted, but the

0.74
sensitivity to speed and viscosity (i.e., the parameter (u Oozu/R}'{> ) is much less than

predicted.
18
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Figure 10. - Measured minimum film thickness as function of speed-viscosity parameter.
Synthetic paraffinic oil containing an organic phosphonate antiwear additive; crowned-
cone disks.

An explanation for experimental film thicknesses greater than predictions for the
additive-containing oil may be due to surface film influence. It should be recalled that for
the oil without the antiwear additive, no differences are seen between the crowned disks
and the crowned-cone disks. However, with the additive present, the crowned-cone disks
gave greater film thicknesses than did the crowned disks. The existence of the spin
velocity component in the crowned-cone disk tests may influence the surface film effect
due to the additive.

The theory does not, of course, provide for the surface film formation. Thus the
comparisons in figures 9 and 10 are not as meaningful as that in figure 8. Where surface
films are not present, as with the oil without the antiwear additive, all measured film
thicknesses were less than theoretical predictions. The differences ranged from a few
microinches at low values of the speed-viscosity parameter to nearly 200 microinches
(500x10~% ¢m) at the highest values.

The stresses (applied loads) and temperatures in this experimental investigation are
considerably higher than in other published data which have shown good correlation with
predicted film thickness magnitude (such as refs. 14 and 15). As shown in figure 3, the
effect of stress on film thickness is greater as stress increases. In the low range of
stresses (1.04x107 to 1.38x10° N/m2 (150 000 to 200 000 psi)) the variation in film thick-
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ness varies with stress as predicted by the term (Smax)"o' 22 ip equation (2). This is

shown in figure 3(a), for example. At higher stresses, film thickness decreases at a
much greater rate than predicted.

The behavior of the pressure coefficient of viscosity « at these higher stresses and
temperatures is not well understood. There is considerable evidence that the effect of
pressure on viscosity cannot be described by a single pressure-viscosity coefficient when
shear effects are present (ref. 16). Lower pressure-viscosity coefficients at higher tem-
peratures have also been observed (ref. 14). The use of a smaller ¢ for prediction of
film thickness at the higher temperatures would provide a closer correlation between pre-
dicted and experimental film thicknesses.

These film thickness data correlate well with data in reference 17, which show film
thicknesses measured by an X-ray technique to be consistantly smaller than predicted.
The theory used for comparison was that of reference 11 and is for line contact. The con-
tact between the disks used in reference 17 more closely simulated line contact than those
of the present investigation. The greater effect of stress on film thickness is apparent in
reference 17, as well as in the present work. The highest maximum Hertz stress re-
ported in reference 17 was only about 1.24><109 newtons per square meter (180 000 psi).

It has been shown, both theoretically (ref. 1) and experimentally (ref. 18), that the
minimum film thickness in an elastohydrodynamic contact occurs in the exit region or at
the sides of the contact. It is expected that the X-ray transmission technique measure-
ment is indicative of this minimum film at the exit rather than being an average or center
film thickness. The difference between the minimum and the center film thickness is,
however, probably of the order of 10 to 20 percent (ref. 18). This difference would ac-
count for only a small portion of the deviation between the predicted and experimental film
thicknesses of this investigation. It may, however, be significant in the lower film thick-
ness range (i.e., less than 25><10-6 cm (10 pin.)). It has also been shown (ref. 18) that
this minimum film thickness varies more with applied stress than does the center film
thickness.

When the separation of two rolling disks approaches the height of the surface asperi-
ties, the effect of these asperities on X~ray transmission must be considered. The disks
used in these tests had surface finishes of 2.5x1078 to 5.0x1076 centimeter (1 to 2 pin.)
rms. This means that surface irregularities may have peak-to-peak heights of as much
as 25><10"6 centimeter (10 pin.). Thus, when the films measured by the X-ray technique
are of the order of a few microinches, the probability that some asperity contact is occur-
ing is great. Some X-ray passage between asperities must occur. It is expected that the
film thickness reflected by the X-ray transmission technique represents a separation be-
tween some average surfaces between the peaks and valleys of each disk surface. Thus
the measured film thickness must be somewhat greater than the minimum distance be-

tween asperity peaks.
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Comparison with Bearing Test Results

The crowned-cone disks used in these experiments were designed such that their con-
tact simulates the ball - inner-race contact of the 120-millimeter-bore ball bearings that
were fatigue tested in reference 7. All bearing test conditions were included in the X-ray
film thickness measurements except disk surface speed. A surface speed of approxi-
mately 51 meters per second (2000 in. /sec) would simulate bearing tangential speeds.
The maximum disk surface speeds attained were 37.6 meters per second (1480 in. /sec).
The same synthetic paraffinic oil with the same antiwear additive was used for both the
disk tests and the bearing tests. The maximum Hertz stress at the inner-race - ball con-
tact was 2. 23><109 newtons per square meter (323 000 psi).

After tests at temperatures of 478 and 533 K (4000 and 500° F), no surface distress
or wear of the bearing race and ball surfaces was evident. At 589 K (600° F) only a
slight amount of glazing or minor surface distress was apparent after tests as long as
500 hours. These observations reveal that under these test conditions, the bearings were
operating in the elastohydrodynamic lubrication regime.

These results could have been predicted by the X-ray film thickness measurements
reported herein. As seen in figure 6, film thicknesses in the range of 50><10_6 to 75x10°
centimeter (20 to 30 pin.) were measured at 478 and 533 K (400° and 500° F) at 20 000
rpm and 2. 42x10° newtons per square meter (350 000 psi) maximum Hertz stress. How-
ever, at 589 K (600° F), the measured film thickness was of the order of 10x1078 to
12><10'6 centimeter (4 to 5 pin.). One would expect more marginal lubrication conditions

6

at this lower film thickness, as confirmed by the bearing test results.

Bearing tests results reported in reference 19 also show good correlation with the
film thickness measurements reported herein. In reference 19, 25-millimeter-bore ball
bearings tested at 533 to 589 K (500° to 500° F) suffered many early failures both by
smearing (severe surface distress) and by fatigue when tested with the synthetic paraffi-
nic oil without the antiwear additive. Another group of bearings tested under the same
conditions, except with the lubricant containing the organic phosphonate antiwear addi-
tive, showed no signs of surface distress or wear. These results are understandable
kased on the large differences in measured film thickness between the lubricant with and
without the antiwear additive.

SPECULATIONS

The exact nature of the surface film that was observed on the crowned-cone disks
after testing with the additive-containing oil was not determined. However, the forma-
tion of this film was confirmed with several repeated experiments, and its dielectric
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properties were repeatedly observed. The surface film was not as apparent after tests
with the crowned disks with the additive-containing oil where the induction heating system
was used.

The induction system heated the disks more rapidly than did the resistance system.
Therefore, with the induction system, the lubricant was exposed for a shorter time to
temperatures which may cause thermal degradation of the lubricant. This effect would be
greater on the additive, since the additive is probably not as stable as the base oil. It is
speculated that this thermal degradation plays a large part in the formation of the surface
film. Further, this behavior is strongly dependent on the time-temperature condition to
which the lubricant is exposed.

It is, of course, possible that under the more severe temperature conditions when the
resistance heaters were used the lubricant was degraded by hot spots on the container-
heater unit. However, since the film enhancement phenomenon also occurred at lower
temperatures, it is unlikely that this degradation had a great influence on the formation of
the boundary films. In addition, over a long period of exposure, there may be enough
access to air even in the nitrogen-blanketed system that oxidative stability may be a fac-
tor in surface-film formation, and its influence on the resulting EHD film thickness.

A possible mechanism for additive effects on film formation involves the physical ac-
tion of chemically adsorbed surface films that probably impart an improved rheological
character to the EHD film of lubricant as the bulk lubricant is swept through the contact
area. Observations of similar phenomena have been made in the USSR (ref. 20) and in
studies of the rheology of boundary films (ref. 21). In short, the sphere of influence of
surface films adsorbed on materials from solutions containing surface-active additives
is greater than is the thickness of the chemisorbed molecular layers typical of boundary

films.

SUMMARY OF RESULTS

Elastohydrodynamic (EHD) film thickness measurements were made in an X-ray
rolling-disk machine with a synthetic paraffinic oil and with and without an organic phos-
phonate antiwear additive. Disk temperature was varied from 339 to 589 K (1 50° to
600° F). Load was varied such that the calculated maximum Hertz stress ranged from
1.04><1O9 to 2. 42><109 newtons per square meter (150 000 to 350 000 psi). Shaft speeds of
5000 to 20 000 rpm yielded surface speeds from 9.4 to 37.6 meters per second (370 to
1480 in. /sec). The results of these measurements were as follows:

1. The synthetic paraffinic oil both with and without the antiwear additive is capable
of providing an EHD film throughout the range of test conditions listed here.
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2. In general, the measured film thickness was more sensitive to contact stress
(applied load) than predicted by EHD theory.
3. Measured film thicknesses were less than predicted by EHD theory throughout the

range of test conditions for the synthetic paraffinic oil without the antiwear additive.
4. The antiwear additive (organic phosphonate type) caused an increase in measured
EHD film thickness.

5. The variation of measured film thickness for the non-additive-containing oil with
0.74
the speed-viscosity parameter <p, Oau/R}'(> was similar to that predicted by EHD

theory. (po is ambient viscositly, « is the pressure-viscosity coefficient, u is the sur-
-1

face velocity, and R} is |:(1/R1) + (1/R2)] where R, and R, are radii of the elements

1 and 2 in the rolling direction.)

6. The film thickness measurements verified results of 120-millimeter- and
25-millimeter-bore bearing tests with the same lubricants. Very low film thicknesses
were measured at conditions similar to those where the bearings suffered surface dam-
age.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 6, 1971,
126-15.
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